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Discovery of four water masers in the Small Magellanic 
Cloud 
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ABSTRACT 

We report the detection of four water masers within the Small Magellanic Cloud 
(SMC); two discovered with the 70-ni Tidbinbilla radio telescope, and two discovered 
with the Australia Telescope Compact Array (ATCA). Precise positions of all four 
masers have been derived from ATCA observations, and the characteristics of each 
water maser have been monitored over a period of several years. Sensitive observations 
towards two previously detected water masers reported in the literature failed to detect 
any emission. The detected water masers show evidence of higher levels of temporal 
variability than equivalent Galactic sources, and one of the features associated with 
NGC346 IRl shows an acceleration of 9.6 km s~ yr~^ over a 31 day period. Sensitive 
targeted observations for methanol and OH masers failed to detect any accompanying 
emission - in the case of methanol perhaps highlighting an under abundance in the 
SMC, consistent with expectations due to lower metallicity. 

The water masers are both bright and compact making them excellent targets 
for Very Long Baseline Interferometry (VLBI) observations, which can potentially 
measure the proper motion of the SMC (~l-2 mas yr~^) with temporal baselines of 
^12 months. Such observations would utilise sources associated with only the current 
epoch of star formation and hence have several advantages over alternative methods. 
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1 INTRODUCTION 

The Small Magellanic Cloud (SMC) is a dwarf, irregular 
galaxy at a distance of approximat ely 61 kpc. It has a 
metallicity less than one-fifth solar (jPeimbert et al.l [2000|) 
and is considered an ideal laboratory for studying star 
formation from primordial gas. Although the mass of the 
SMC is approximately l /250th the mass of the Milky Way 
IStanimirovic et al.ll2004l '). it s current star form ation rate of 
0.05 solar masses per year (IWilke et al. 200J) is_approxi- 
mately 1/lOOth that of our Galaxy (|Diehl et al.|[200g ). The 
reason for the enhanced rate of star formation in the SMC at 
the current epoch (in comparison to the LMC and Galaxy) is 
unknown, but likely to be related to interaction of the M ag- 
ellanic system with our Galaxy (e.g. iDiaz fc Bekkill2012l ). 

* Email: Shari.Breen@csiro.au 



One of the key tracers of young star formati on regions 
in ou r own Galaxy are interstellar masers (e.g. lEUingsenl 
120061 ). Within these regions, masers of wate r, methanol 
and hydroxyl are common a nd strong (e.g. iBreen et al.l 
l2010bl : iGreen et al1l2010l : [Casw cU lOgi), making them ex- 
cellent tools for understanding properties of the associ- 
ated star formation. Some maser species accurately trace 
the systemic ve locities of the regions that they are associ- 
ated with (e.g. Szymczak ct al.l 120071 : IPandian et al.l l2009l : 
iGreen fc McClu rc-Griffitlis 201ll 'l. incre asing their applica - 
tion to studies of Galactic structure (e.g. ICreen et al.ll201lh . 
while others are thought to trace the evolution of high-mass 
star fo rming regions (e.g. lEUingsen et al.ll2007l : iBreen et al.l 
l2010al ). 

To date only two sources with masers (of any species) 
have been observed in the SMC and these were discov- 
ered more than 30 years ago in a search for water maser 
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emission towards 15 regions with the Itapetinga radio 
telescope (jScalise fc Braa 11982 ) . Other extensive searches 
for masers have failed to detect a ny emission from the 
6.7-GHz transition of methanol (e.g. lEUingsen et al.lll994l : 
iBeaslev et al.l 19961: Green et al.ll2008l ). or OH maser emis- 
sion (e.g lCreen et al.ll2008l l. A full account of previous obser- 
vations for both interstellar and circums tellar mas e rs in the 
Magellanic Clouds has been reported in Ivan LoonI (|2012f ). 

Observations of masers within the SMC not only allow 
young high-mass star formation regions to be pinpointed, 
but can also enable the populations as a whole to be stud- 
ied, and compared with the populations in other nearby 
galaxies (including our own), allowing the effects of envi- 
ronmental conditi ons on maser populations to be studied. 
I Green et al.l (|2008l l used their complete methanol maser sur- 
vey of the LMC and SMC to conclude that the methanol 
masers in the LMC were under abundant by a factor of 4-5 
(once the varying star formation rates were accounted for), 
likely because of t he low er metallictiy in the LMC. Whereas 
iBrunthaler et al.l (|2006i ) compared the number of detected 
water masers in the Local Group, finding that detection 
rates are consistent with those of our Galaxy, with the ex- 
ception of IC 10 which exhibited an overabund ance. Unlike 



the 6. 7-GHz methanol maser samples us ed in iGreen et al 



200g ) , the water maser samples used in IBrunthaler et al 



20061 1 lack completeness, leaving a lot of uncertainties in 



both the number of sources expected and the numbers de- 
tected. In a modestly sized searche s of star formation regions 
in the LMC. lEllingsen et al.l (120101) discovered six new water 
masers, while llmai et al.l (|2013f ) found a further eight, high- 
lighting the incompleteness of the samples used in previous 
analyses. 

Arguably the greatest impact that the currently incom- 
plete sample of masers in the Local Group can provide is 
through measurements of accurate distances and dynam- 
ics of its members through Very Long Baseline Interferome- 
try (VLBI) observatio ns. Such measurements are ongoing i n 
our own Galaxy (e.g. iReid et al.ll2009l : iHonma et al.ll2012f ). 
incorporating an increasingly large number of methanol 
masers spread throughout the Galactic plane. The increas- 
ing number of masers detected in other galaxies of the Local 
Group mean that it is now feasible to begin incorporating 
proper motion studies of additional members into such pro- 
grams. Water masers are not favoured for such VLBI pro- 
grams in our Galaxy due to their often extreme temporal 
variability (e.g. lBrand et al.ll2003l : lFelh et al.ll2007l l and their 
tendency to trace more complex internal source dynamics 
(such as outflows). However, when measurements are made 
using both water and methanol masers they c an be con- 
sistent to within a few per cent (e.g. W3(0H): iReid et al.l 
I2OO9I : iHachisuka et al.ll2006l l and their relatively higher de- 
tection rates, flux densities and often simple spectra make 
them desirable targets in other members of the Local Group. 
Through proper motion measurements, masers provide the 
best opportunity to understand the present state and there- 
fore the history and future of the Local group. 

Here we present a series of observations of water masers 
within the SMC. The primary motivation of these observa- 
tions was to identify and characterise water masers in the 
SMC that can be targets for future astrometric VLBI pro- 
grams to measure proper motions of the SMC in the short 
term, and possibly to measure trigonometric parallax once 



astronometric accuracies have increased to make such mea- 
surements feasible. The water masers we detected have been 
accurately positioned with the Australia Telescope Compact 
Array (ATCA), and monitored to assess the feasibility of a 
long term VLBI program. 



2 OBSERVATIONS AND DATA REDUCTION 

Between 2003 and 2011 we conducted a number of water 
maser observations in the SMC; both searching for new wa- 
ter maser sites and monitoring the emission from detected 
sources. The water maser observations used unallocated 
Host-Country time on the Tidbinbilla 70 m radio telescope 
and Director's time on the ATCA. In general only short al- 
locations of time were available so the observing strategy 
and number of sources observed was adapted for each ob- 
servation. We supplemented our water maser observations 
with an additional epoch of ATCA data (project code C973) 
from the Australia Telescope Online Archive (ATOA). Ta- 
ble[l]lists the epochs each source was observed, the telescope 
used, the spectral resolution, RMS noise of the observations 
and the characteristics of detected emission. Targeted ob- 
servations for OH and methanol masers were also made to- 
wards each of the detected water masers using the Parkes 
64 m radio telescope and the ATCA (these are described in 
Section [Oil. 



2.1 Tidbinbilla observations 

The primary search for water masers in the SMC was un- 
dertaken in two phases; the first, a complete search of a 5 
X 5 arcmin grid centred on OO/i 59m 21.25s -72° 11' 03" 
(marked on Fig. O , and the second, a targeted search to- 
wards a number of bright infrared sources in the NGC346 
region (|Simon et al.ll2007l , listed in Table (21 . Both searches 
were made using the Tidbinbilla 70-m radio telescope, which 
forms part of NASAs Deep Space Network, during unallo- 
cated Host-Country time. Observations were made using the 
K-Band receiver that detects both left and right circularly 
polarised signals. Pointing errors were measured and cor- 
rected by scanning bright quasars at the nearest positions 
in the sky from the targets, yielding residual pointing errors 
smaller than 2 arcsec (with a 78 arcsec primary beam size) 
and therefore introduce negligible losses in the measured 
flux densities compared to other factors of uncertainty. An- 
tenna temperatures were derived by applying a gain curve 
and opacity, which was measured at each observation session 
by tipping the antenna from horizon to zenith. Flux density 
accuracy is estimated to be ~10 per cent. 

Observations of the 5x5 arcmin region were conducted 
over two days; 2003 DOY 110 and 113. The region was sur- 
veyed in an 11 by 11 point grid with each point separated by 
30" (a little less than the HPBW of 39") from adjacent posi- 
tions. The correlator was configured to record 4096 spectral 
channels over a 16-MHz bandwidth for both left and right 
circularly polarised signals. At 22224 MHz this corresponds 
to a velocity coverage of ~215 km s~^ and a spectral resolu- 
tion of 0.06 km s~^. Each point was observed for 30 seconds, 
resulting in an average RMS noise of 0.16 Jy, once both 
recorded circularly polarised signals were averaged together 
during data processing. 
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Table 1. Summary of observations and characteristics of targeted water maser emission. Accurate positions for the four water masers 
we detect are hsted in Table |4] Column 1 gives the source name, column 2 gives the observing date, column 3 shows the telescope used 
(and array configuration if the ATCA), columns 4-6 give the l-cr sensitivity, spectral resolution and velocity coverage of the observations. 
Columns 7-9 give the characteristics of the detected water masers emission at each observation and includes the peak flux density (or 
b-a detection limit if not detected), velocity (heliocentric) of the peak emission and the minimum and maxinmm velocity of the detected 
emission. 



Source 


Date 


Telescope 


l-o- 


Spectral 


Velocity 


Speak 


Vpeak 


Vrange 




(YYDOY) 


& array 


sensitivity 


resolution 


coverage 














(mJy) 


(km s-i) 


(km s-l) 


(Jy) 


(km s-i) 


(km s-i) 


NGC346 IRl 


03123 


ATCA,EW352 


58 


0.5 


10,220 


<0.29 


- 


- 




08200 


Tidbinbilla 


39 


0.5 


-470,600 


2.6 


173.3 


168.2,174.2 




08203 


ATCA,H214 


44 


0.25 


70,280 


3.4 


173.4 


167.9,173.8 




08203 


Tidbinbilla 


108 


0.06 


-10,250 


2.7 


173.3 


167.9,173.9 




08211 


Tidbinbilla 


159 


0.06 


-10,250 


1.3 


168.5 


167.8,169.1 




08213 


ATCA,H214 


24 


0.25 


70,280 


1.2 


168.4 


167.8,169.1 




08215 


Tidbinbilla 


204 


0.06 


0,250 


1.4 


168.1 


167.6,169.0 




08218 


Tidbinbilla 


149 


0.06 


0,250 


1.3 


168.0 


167.6,168.8 




08228 


ATCA,6B 


78 


0.25 


60,270 


1.0 


168.0 


167.3,168.6 




08229 


ATCA,6B 


26 


0.25 


60,270 


0.25 


168.0 


167.3,168.6 




08231 


ATCA,6B 


23 


0.25 


60,270 


0.92 


167.8 


167.2,168.5 




08232 


ATCA,6B 


25 


0.25 


60,270 


1.0 


167.9 


167.3,168.7 




11153-5 


ATCA,H214 


31 


0.5 


-415,440 


0.24 


167.4 


166.3,173.3 


N66 Scl2 


03113 


Tidbinbilla 


177 


0.06 


45,255 


1.6 


164.7 


164.3,165.0 




03123 


ATCA,EW352 


18 


0.5 


10,220 


1.6 


164.5 


163.7,166.2 




08203 


ATCA,H214 


35 


0.25 


70,280 


0.46 


163.9 


163.5,174.2 




08211 


Tidbinbilla 


70 


0.06 


-10,250 


0.30 


166.3 


163.5,174.3 




08213 


ATCA,H214 


28 


0.25 


70,280 


0.18 


164.0 


164.0,174.3 




08215 


Tidbinbilla 


76 


0.06 


0,250 


0.31 


166.1 


166.1,174.1 




08218 


Tidbinbilla 


107 


0.06 


0,250 


0.30 


166.1 


163.8,166.1 




08228 


ATCA,6B 


29 


0.25 


60,270 


0.29 


174.2 


163.5,174.3 




08229 


ATCA,6B 


27 


0.25 


60,270 


0.24 


174.1 


162.7,174.1 




08231 


ATCA,6B 


18 


0.25 


60,270 


0.29 


166.2 


163.4,174.4 




08232 


ATCA,6B 


20 


0.25 


60,270 


0.28 


166.2 


163.5,174.4 




11153-5 


ATCA,H214 


31 


0.5 


-415,440 


0.29 


161.1 


160.2,167.0 


IRAS00430-7326 


03123 


ATCA,EW352 


33 


0.5 


10,220 


2.1 


138.6 


137.4,142.6 




08213 


ATCA,H214 


32 


0.25 


70,280 


2.4 


141.6 


136.9,142.6 




08228 


ATCA,6B 


51 


0.25 


60,270 


1.9 


141.5 


136.7,142.6 




08229 


ATCA,6B 


26 


0.25 


60,270 


2.2 


141.5 


137.1,142.8 




08231 


ATCA,6B 


32 


0.25 


60,270 


1.9 


141.6 


137.0,143.1 




08232 


ATCA,6B 


43 


0.25 


60,270 


2.7 


141.4 


136.4,142.7 




11153-5 


ATCA,H214 


30 


0.5 


-415,440 


1.8 


141.8 


137.6,142.4 


IRAS01126-7332 


03123 


ATCA,EW352 


32 


0.5 


10,220 


1.7 


177.4 


176.0,178.4 




08213 


ATCA, H214 


34 


0.25 


70,280 


0.51 


177.3 


176.7,178.0 




08215 


Tidbinbilla 


262 


0.06 


0,250 


0.76 


177.3 


176.7,181.7 




08228 


ATCA,6B 


78 


0.25 


60,270 


0.80 


177.5 


176.6,181.9 




08229 


ATCA,6B 


28 


0.25 


60,270 


0.39 


177.3 


176.6,181.9 




08231 


ATCA,6B 


25 


0.25 


60,270 


0.71 


177.2 


176.4,181.8 




08232 


ATCA,6B 


23 


0.25 


60,270 


0.76 


177.3 


176.4,181.9 




11153-5 


ATCA,H214 


30 


0.5 


-415,440 


0.68 


177.0 


175.3,181.6 


s7 


03123 


ATCA,EW352 


35 


0.5 


10,220 


<0.18 


- 


- 




08173 


Tidbinbilla 


24 


0.5 


-550,700 


<0.12 


- 


- 




08213 


ATCA,H214 


25 


0.25 


70,280 


<0.13 


- 


- 


s9 


03123 


ATCA,EW352 


35 


0.5 


10,220 


<0.18 


- 


- 




08173 


Tidbinbilla 


26 


0.5 


-550,700 


<0.13 


- 


- 




08213 


ATCA,H214 


25 


0.25 


70,280 


<0.13 
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Table 2. Locations of seven regions of bright 24- ^ra emission 
within NGC346 targeted for water maser emission with Tidbin- 
billa. 



RA 


Dec 


RA 


Dec 


J2000 


J2000 


J2000 


J2000 


(h m s) 


(° ' ") 


(h m s) 


(° ' ") 


00 59 09.1 


-72 11 00.3 


00 59 01.4 


-72 10 04.1 


00 59 05.2 


-72 10 34.8 


00 58 57.0 


-72 09 53.8 


00 59 11.4 


-72 09 59.1 


00 58 58.0 


-72 10 27.0 



Additional targeted observations towards seven bright 
regions (positions listed in Table[2| of 24- /xm emission within 
the NGC346 region were carried out during 2008 DOY 200. 
These targets were selected on the basis of being potential 
young sites of high-mass star form ation in the most active 
star formation region in the SMC (jSabbi et al.ll2007^ . Dur- 
ing these observations a single circularly polarised signal was 
recorded across two 64-MHz bands centred on 22214 and 
22244 MHz, resulting in continuous frequency coverage of 
22182 to 22276 MHz. Across each band 2048 channels were 
recorded, resulting in a spectral resolution of 0.5 km s~^ over 
a velocity range of more than 1000 km s~^. These observa- 
tions were carried out as a series of two on-source observa- 
tions bracketed by reference observations made Im earlier 
and Im later in right ascension. Each integration was one 
minute and the routine of on-source and reference observa- 
tions was repeated four times resulting in a total on-source 
integration time of eight minutes per source, resulting in an 
RMS of ^0.04 Jy. 

Monitoring observations of detected water masers were 
executed during short allocations of unused Host-Country 
time. Due to this, the observations varied from short ~4 
minute to much longer ~16 minute on-source integrations, 
as reflected in the range of RMS noise values for each of the 
observations (listed in Table[T]). For the majority of these ob- 
servations, a single circularly polarised signal was recorded 
across two 16 MHz bands with central frequencies separated 
by 5 MHz, resulting in a total bandwidth of 21 MHz (be- 
tween 22215 and 22236 MHz). Across each 16 MHz band 
4096 channels were recorded, corresponding to a velocity 
resolution of 0.06 km s^^. 

Observat ions of two previousl y detected water masers 
in the SMC (|Scalise fc Braj|l982l '). s7 and s9, were made 
with Tidbinbilla on 2008 DOY 173. These observations used 
a slightly different setup, still recording a single circularly 
polarised signal, but with two 64-MHz bands. These bands 
were separated by 40 MHz and completely covered the fre- 
quency range from 22191 to 22295 MHz, corresponding to a 
velocity coverage of -550 to 700 km s^^. In this configura- 
tion the spectral resolution is 0.5 km s^^. 

Tidbinbilla data were reduced using the Australia Tele- 
scope National Facility (ATNF) Spectral Analysis Package 
(asap). Alignment of velocity channels was carried out dur- 
ing the data reduction process, and all presented velocities 
are in the heliocentric reference frame. The adopted rest 
frequency for both these and the ATCA water maser obser- 
vations was 22.23507985 GHz. The data have been corrected 



for the measured opacity of the atmosphere at the time of 
the observations. 



2.2 ATCA water maser observations 

ATCA observations were made over 8 separate observing 
epochs, allowing us to determine accurate positions for the 
detected water masers (listed in Table [4|, as well as monitor 
their emission over time. All epochs, array configurations, 
spectral resolution, RMS noise and properties of the water 
maser emission (if detected) are listed in Table [l] 

The first epoch of ATCA data we present (2003 DOY 
123) has been taken from the ATOA (project C973). These 
observations were made towards water masers detected in a 
search of 22 positions within the SMC, identified from IRAS 
and MSX colours to select potential UCHll regions, oxygen- 
rich AGB stars or long-period variable stars. The observa- 
tions were made in an EW352 array and the correlator was 
configured to record 512 spectral channels across a band- 
width of 16 MHz for two orthogonal linearly polarised sig- 
nals. Target sources were observed in a series of 9, 3 minute 
"normal" scans, which in practice resulted in integration 
times between 2 minutes and 15 seconds to 2 minutes and 45 
seconds per scan. Target observations were interspersed with 
observation of a phase calibrator, 0100-760. PKS B1921-293 
was observed as a bandpass calibrator, and primary calibra- 
tion was made by fixing the fiux density of PKS B1921- 
293 to 12.015 Jy (to match measurements made in other 
observations at a similar time that were calibrated against 
PKS B1934-638). 

All six ATCA observations conducted in 2008 were 
made using either the H214 or 6B array configurations (de- 
tails listed in Table [TJ. During all 2008 observations, the 
correlator was configured to record 1024 channels across a 
16 MHz bandwidth. In this configuration, only a single lin- 
early polarised signal is recorded. All epochs included ob- 
servations of either PKS B1921-293 or PKS B0537-044 for 
bandpass calibration and PKS B1934-638 for primary flux 
density calibration. All observations were carried out as a 
series of cuts over the available hour angle range and were 
bracketed by observations of 0100-760 for phase calibration. 

The 2011 ATCA observations were carried out over 
three consecutive days (total integration time of 12 min- 
utes per source) and were able to take advantage of the 
capabilities offere d by the new Comp act Array Broad-band 
Backend rCABB: rWilson et al.|[201ll ). With CABB we were 
able to record two orthogonal linear polarisations, with 2048 
channels spread across a 64 MHz bandwidth. 

All epochs of ATCA data were reduced using the miriad 
software package using the standard techniques for spectral 
line data. Image cubes of the entire primary beam and ve- 
locity range were typically created and inspected for each 
source. Spectra were created by integrating the emission 
in the imaged sources. In a minority of instances (specifi- 
cally, observations of IRAS0043-7326 and IRAS01126-7332 
on 2008 DOY 229) where we were unable to obtain sufficient 
{u, «) -coverage to make images, spectra were extracted from 
the vector averaged calibrated (u, w)-data. The RMS noise 
present in the spectra is typically better than ~30 mjy de- 
pending on the individual integration times. The accuracy of 
the absolute flux density was checked by comparing the mea- 
sured flux density of the phase calibrator which remained 



stable to within 10 per cent over the course of the observa- 
tions. The positions of each of the detected sources reported 
in Table |4] are a weighted average position from at least five 
independent measurements for each source. The variations 
in the measured positions are typically small, and we expect 
that the reported positions are accurate to ~0.5 arcsec. 
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3 RESULTS 



2.3 Targeted methanol and OH maser 
observations 

Observations of 1665- , 1667- and 6035-MHz OH and 6.7- 
GHz methanol maser emission were targeted towards the 
detected water masers during 2008. These observations were 
conducted using the Parkes 64 m radio telescope and the 
ATCA. The observation epochs, telescope, resultant l-cr sen- 
sitivity, spectral resolution and observed velocity range are 
fisted in Tabled] 

ATCA observations of OH masers at 1665- and 1667- 
MHz, and 6.7-GHz methanol masers were made during an 
allocation of Director's time on 2008 DOY 203. These ob- 
servations were interleaved with observations of the water 
masers also conducted at this epoch. Two frequency se- 
tups were used, one centred on 1664 MHz and the other at 
6665 MHz. At both frequencies we recorded two orthogonal 
linear polarisations across a bandwidth of 4-MHz (allowing 
both the 1665- and 1667-MHz OH masers to be observed 
simultaneously) with 2048 spectral channels. For both fre- 
quencies, PKS B1934-638 was observed and used for pri- 
mary flux density calibration, and observations of 2353-686 
were used for phase calibration. Bandpass calibration was 
achieved from observations of PKS B1934-638 at 1664 MHz 
and PKS B1921-293 at 6665 MHz. 

During the 2008 August se ssion of the Parkes Methanol 
Multibeam Survey (MMB; see lGreen et all (|2009l ) for a de- 
scription) observations, we used some of the unallocated 
time after the Galactic Plane had set to target all four water 
masers for the presence of 6.7-GHz methanol, and 6035-MHz 
excited OH masers. These observations were carried out in 
the same manner as the MMB 'MX' observations; a mode 
whereby a source is tracked and the pointing centre cycled 
through the receiver's beams. At the time of the observa- 
tions, one of the 7-beamed receivers beams had a faulty LNA 
(low-noise amplifier) and was not used. Observations were 
carried out as a series of 10 minute integrations per beam, 
resulting in 60 minutes on-source for each observation. We 
repeated this process a further three times for NGC346 IRl 
and twice for N66 Scl2, resulting in total integration times 
of four and three hours respectively. The correlator recorded 
two frequency settings simultaneously, one centred on the 
methanol maser frequency, and the other on the 6035-MHz 
excited OH maser transition. For both settings, the correla- 
tor was configured to record two circularly polarised signals 
over a 4 MHz bandwidth with 2048 frequency channels. 

The OH and methanol ATCA data were reduced in the 
same manner as the ATCA water maser data; using the 
standard techniques for spectral line reduction in the miriad 
software package. Images of the entire primary beam were 
created for each observed position, and RMS noise values 
were extracted at the positions of the water masers (and are 
reported in Table [3]). Parkes data were reduced using asap 
as for the Tidbinbilla data. 
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Table 3. Summary of targeted methanol and OH maser observations which failed to detect any maser emission. Column 1 lists the 
target water maser source, column 2 gives the observation epoch, column 3 lists the telescope (and array if the ATCA), column 4 lists 
the observed transition, and columns 5-7 give the 1-cr sensitivity, spectral resolution and heliocentric velocity range of the observations. 



Source 


Date 


Telescope 


Maser 


l-o- 


Spectral 


Velocity 




(DOY in 2008) 


& array 


transition 


sensitivity 


resolution 


coverage 












(mJy) 


(km s-i) 


(km s-i) 


NGC346 IRl 


203 


ATCA, 


H214 


1665-MHz OH 


43 


0.42 


-100,600 










1667-MHz OH 


43 


0.42 


250,950 










6.7-GHz methanol 


144 


0.11 


70,250 




236, 239, 242, 243 


Parkes 




6.7 GHz methanol 


12 


0.11 


95,245 










6035-MHz OH 


17,15 


0.12 


90,260 


N66 Scl2 


203 


ATCA, 


H214 


1665-MHz OH 


47 


0.42 


-100,600 










1667-MHz OH 


47 


0.42 


250,950 










6.7-GHz methanol 


150 


0.11 


70,250 




234, 240, 241 


Parkes 




6.7 GHz methanol 


12 


0.11 


95,245 










6035-MHz OH 


18,18 


0.12 


90,260 


IRAS00430-7326 


237 


Parkes 




6.7-GHz methanol 


21 


0.11 


95,245 










6035-MHz OH 


36,32 


0.12 


90,260 


IRAS01126-7332 


238 


Parkes 




6.7-GHz methanol 


23 


0.11 


95,245 










6035-MHz OH 


33,33 


0.12 


90,260 
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Using the Tidbinbilla 70-in radio telescope and the 
ATCA we have discovered four water masers in the SMC. 
We have derived precise positions for each of these new wa- 
ter masers with the ATCA, and conducted several further 
observations over an eight year period to monitor the emis- 
sion. Each of the observing epochs and details of detected 
emission at each observation are described in Table [l] The 
characteristics of the detected water masers are listed in Ta- 
ble m including: source name, equatorial coordinates, peak 
flux density and velocity and the minimum and maximum 
velocities detected at any of the observation epochs. 



The individual sensitivities of the observations are listed in 
Table [3l and correspond to 5-(t detection limits in the range 
0.06 to 0.75 Jy. 



Figures [T] (2] |3] and |4] present spectra for each of the 
detected water masers at each of the observing epochs. The 
date each spectrum was taken is annotated in the top left 
hand corner of each panel where the first two digits indicate 
the year and the following three, the day of year. Two spec- 
tra of NGC346 IRl were taken on the same day and these 
are marked with either an 'a' or a 't' following the observ- 
ing date indicating observations with either the ATCA or 
Tidbinbilla, respectively. 



Figure [S] shows the locations of the four water masers 
that we detect, as well as the two previously reported 
sources (jScalise fc Brad Il982l ) , overlaid on a three colour 
infrared image using data from the SAGE-SMC (Surveying 
the Agents of Galaxy Evolution in the Tidally Stripped, Low 
Metallicity Small Ma gellanic Cloud) Spitzer Legacy program 
(jGordon et al.ll201ll ). All four of the newly detected water 
masers are projected against bright regions of extended mid- 
infrared emission. This is perhaps not surprising given that 
our observations chiefly targeted regions on the basis of their 
infrared emission. 



Follow-up observations for emission in the 1665-, 1667- 
MHz and 6035- MHz OH and 6.7-GHz methanol maser tran- 
sitions were made with the ATCA and Parkes towards each 
of the four detected water masers. These observations failed 
to detect any emission from any of the observed transitions. 
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Table 4. Summary of new water maser detections. Column one gives the source name; columns 2 and 3 give the average equatorial 
coordinates measured in our ATCA observations; columns 4 and 5 show the characteristics of the strongest spectral feature at any of the 
epochs (peak flux density and velocity); and column 6 gives the most extreme minimum and maximum velocities at any epoch. 



Source 


RA 


Dec 


Peak flux 


Vel peak 


Vel range 


name 


J2000 


J2000 


density 


(km s-i) 


(km s-i) 




(h m s) 


(O , .) 


(Jy) 






NGC346 IRl 


00 59 09.31 


-72 10 57.3 


3.4 


173.4 


166.3,174.1 


N66 Scl2 


00 59 19.70 


-72 11 19.9 


2.1 


164.7 


160.0,177.4 


IRAS00430-7326 


00 44 56.44 


-73 10 11.1 


2.4 


141.6 


136.4,143.0 


IRASOl 126-7332 


01 14 04.74 


-73 16 58.1 


1.8 


177.2 


176.0,182.6 



NGC346 IRl 
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1. Spectra of NGC346 IRl at each of 12 observing opociis. 
tile peak flux density of the emission dropped to 0.24 Jy. 
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Figure 2. Spectra of N66 Scl2 at each of 12 observing epochs. 
During both of the 2003 epochs the maser had a peak flux density 
of 1.6 Jy. 
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Figure 3. Spectra of IRAS 00430-7326 at each of seven observing 
epochs. 
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4 DISCUSSION 

4.1 Characteristics of the new maser sources 

The overall characteristics of our detected water masers are 
listed in Table 2] The four sources have maximum peak 
flux densities in the relatively narrow range 1.8 - 3.4 Jy, 
and velocity ranges between 6.6 and 17.4 km s~^ (three 
of the sources lie between 6.6 and 7.8 km s~^). Compar- 
ing these basic statistics with the sample of 379 Galactic 
water masers reported by iBreen et al.l (|2010lJ ) shows that 
the water masers in the SMC are not comparable to high- 
est luminosity Galactic sources, and show much narrower 
velocity ranges. Of the 379 Galactic sources, 36 have flux 
densities between 180 and 1600 Jy, which if we assume are 
located at a distance of 6 kpc, would be detected with flux 
densities between 1.8 and 16 Jy if placed at the distance of 
the SMC. The average velocity range of emission features 
greater than 20 Jy (meaning they would be detectable in 
most of our observations if placed at the distance of the 
SMC) of these 36 sources is ~25 km s~^, with some sources 
showing features that would be detected across more then 
100 km s^^. Neither the current S MC sample or the Galac- 
tic sample of iBreen et al.l (|2010bl ) are representative of the 
complete water maser pop ulations given their inherent bi- 
ases (more than half of the iBreen et al.l (|2010a ) sample are 
associated with their OH or methanol masers targets) and 
more thorough comparisons can be mad e once recent com - 
plete Galactic water maser surveys fe.g. IWalsh et al.ll201lh 
have been reported at high angular resolutions . However, it 
is likely that surveys such as that of Brccn ct al.l (|2010bl ) 
much better represent the water masers with the higher 
flux densities (as considered here) than the weaker water 
maser sources which are more of ten solitary fe.g. lBreen et al.l 
l2010bl : iBreen fc Ellings"enll201ll '). 

Water masers associated with star formation regions in 
our own Galaxy are often accomp anied by masers of other 
species, such as OH and methanol (jForster fc Caswelll 1 19891 : 
iBeuther et"ai]|2002l : lB"reen et al.ll2010b^ . The SMC has been 
completely search ed for both 6 .7- GHz methanol and 6035- 
MHz OH m asers IGreen et al.l (as part of the MMB sur- 
vey: 120081 ) resulting in no detections to a 1-a detection 
limit of 0.13 Jy. Although we made more sensitive obser- 
vations at the frequencies of 6.7-GHz methanol masers and 
several OH maser transitions , we also failed to detect any 
emission. iBreen et al.l (|2010a ) note that their stronger water 
masers are more often associated with either or both OH and 
methanol masers, seemingly in contrast to the SMC sources. 
To determine if this difference is s igniflcant, we have co nsid- 
ered the large maser sam ples of iBreen et al.l (|2010bl ) and 
ICaswelll (| 19981 . |2003| . |2009| ). 

Table U] shows that all of the SMC water masers have 
been at least 1.8 Jy on at least one of the obser ving epochs, 
the equ ivalent of a 180 Jy Galactic source. iBreen et al.l 
(|2010bn detect 36 water masers in our Galaxy with a flux 
density of >180 Jy and of these only three are not associ- 
ated with either OH or methanol masers. Of these 36 water 
masers, 17 are associated with methanol masers with peak 
flux densities >10 Jy (14 of the 17 are >20 Jy) which would 
be equivalent to a >0.1 Jy source at the distance of the SMC 
and therefore detectable in our observations. Similarly, 10 
of the 36 water masers are associated with OH masers with 
peak flux densities greater than 25 Jy that would correspond 



to 0.25 Jy in the SMC, which is ~5 times our l-cr detection 
limit as listed in Table [S] Only one of the strong Galac- 
tic water masers is associated with a 6035-MHz excited OH 
maser that it would be strong enough to be detected if at 
the distance of the SMC. 

Given that 47 per cent of equivalent Galactic water 
masers have associated methanol masers strong enough to 
be detected by our observations at the distance of the SMC, 
it may be that the characteristics of the four SMC sources 
are inconsistent with those in our Galaxy. However, it is 
not surprising that we fail to detect any OH emission from 
the two sources targeted for 1665- and 1667-MHz transitions 
given only 28 per cent of similar Galactic water masers are 
associated with 1665- or 1667-MHz OH masers that would 
be detected if placed at 60 kpc. Similarly, we would not ex- 
pect to detect 6035-MHz OH masers towards the SMC water 
mas ers if their p r operti es are similar to Galactic sources. 

ICreen et al.l (|2008l ) found that methanol masers in the 
LMC were under abundant by a factor of 4 - 5 once the 
different star formation rates had been accounted for. This 
under abundance was attributed to lower metallicity in 
the LMC comp ared to out Ga l axy, i n agreement with the 
earlier study of iBeaslev et all (| 19961 '). The SMC simUarly 
has a lower metallici ty than our Galaxy (~one-fifth solar; 
IPeimbert et al.ll200d ) so it is expected to also show a sig- 
nificant under abundance of methanol masers which may 
explain why neither ou r sensitive ta r geted observations, or 
the complete search of I Green et al.l ( 20081 ) . uncovered any 
emission from this transition. 



4.2 Observations of previously identified water 
masers in the SMC 

Observati ons targeting the two water maser positions re- 
ported by IScalise fc Brad (| 19821 ) were made on three sep- 
arate occasions; twice with the ATCA (03123 and 08213) 
and once with Tidbinbilla (08173), and failed to detect any 
emission towards either source to 5-(t detection limits in the 
range 75 to 175 mjy over the minimum observed velocity 
range of 10 to 220 km s^^. When detected more than 30 
years ago, s7 peaked at 7.4 Jy at a velocity of 120.8 km s^^ 
and s9 exhibited two spectral features, the strongest of which 
was 4.2 Jy at a velocity of 120.9 km s~^. Our observations 
show no emission at these, or nearby velocities. 

Since the HPBW of the earlier observations was 4.5 ar- 
cmin, it is possible that the sources fell outside our much 
smaller beams. However, given the sensitivity of our obser- 
vations, it is likely that we would have detected them anyway 
if they remained at flux densities similar to those reported 
bv lScalise fc Brad (|l982l ). especially given the poor spectral 
resolution of their observations (1.35 km s^^) which could 
have significantly underestimated the fiux density of these 
sources. 

Fig. O shows the locations of s7 and s9 overlaid on a 
three colour infrared image. It can be seen that s9 (black 
cross) is projected against a bright region of infrared emis- 
sion, while s7 (green cross) is on the periphe ry of the bright 
emissi on. Looking at the spectra presented in lScalise fc Braa 
([1983), it is s7 that has the higher signal-to- noise, lending 
credence to its authenticity even though it is located in a 
seemingly unlikely location with respect to the infrared emis- 
sion. In order to rule out any persistent emission, sensitive 
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mosaic observations centred on the reported positions need 
to be conducted. 

Given that the observations were conducted more than 
30 years ago, it is also possible that the emission h a s gen - 
uinely dropped below detectable limits. iFelli et al.l (|2007l ) 
conducted monitoring observations of 43 water masers, as- 
sociated with young stellar objects (YSOs), over a 20 year 
period. Their observations show that it is not unusual for 
water masers to vary on relatively short timescales, and in 
fact show that a number of their sources fall below their 
detection limit on several occasions, generally returning or 
replaced by emission at a similar velocity sometime later. 
However, this characteristic is not sufficiently common to 
explain the appearance and disappearance of the only two 
previously detected water masers in an approximately syn- 
chronised fashion. The more likely scenario seems to be that 
the reported positions are sufficiently poor that we missed 
one or both of them with our much smaller beams, or per- 
haps less likely given the convincing spectra and their lo- 
cations with respect to infrared emission, one or both were 
never authentic detections. 
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4.3 Variability of detected virater maser emission 

Water maser emission in our Galaxy is known for exhibit- 
ing mucli higiier levels of temporal variability over rel- 
atively short time- scales than oth er commonly observed 
maser species (e.g. iFelli et al.ll2007^ . Our water maser ob- 
servations span a number of years, with varying sampling 
rates, allowing us to assess the overall level of variability in 
the water masers we detect, and determine whether this is 
consistent with Galactic sources. In the following paragraphs 
we discuss the variability of each of the detected masers and 
then compare their variability with similar Galactic sources. 

NGC346 IRl was observed once in 2003, 11 times in 
2008 and once in 2011. No emission was detected during 
the 2003 observations to a 5-cr detection limit of 0.29 Jy. 
Then, in 2008 we detected two relatively strong features, 
the strongest of which (~3 Jy) was observed over just three 
days, disappearing during the eight days between our 08203 
and 08211 epochs. This feature was not detected in any fur- 
ther observations, so its lifetime appears to be less than five 
years. The spectral feature at ~168 km s~^ has basically re- 
mained stable (aside from the changes in velocity discussed 
in Section 14. 4|) over the course of the observations in 2008 
(11 epochs over 32 days). Observations in 2011 revealed a 
weaker feature at a similar velocity which is inconsistent 
with the velocity that would be expected if the feature con- 
tinued to accelerate at the rate seen in 2008. It is therefore 
possible that this component has been replaced by similar 
emission. 

On day 08203 we observed this source with both the 
ATCA and Tidbinbilla. The measured peak flux densities 
of the stronger feature at ~173 km s~^ were 3.4 and 2.7 Jy 
at the ATCA and Tidbinbilla, respectively. These values are 
marginally inconsistent with our 10 per cent calibrations 
errors. It can be seen that the secondary feature in both 
observations is approximately stable at ~0.6 Jy. While it 
is possible that there is some real variability seen in this 
source (although the time range of the observations are sim- 
ilar, the ATCA spectrum is the average value over several 
hours, whereas the Tidbnbilla spectrum is a small snapshot 
of this time), it is likely that the measured flux density dif- 
ference can largely be accounted for by the different noise 
contributions and spectral resolutions in the respective ob- 
servations. 

N66 Scl2 has the most complicated spectral structure 
of the detected sources, exhibiting many features over the 
broadest velocity range (17.4 km s~^). It is also the weak- 
est source during many of the epochs making a quantita- 
tive study of its variability difficult. In 2003 it showed es- 
sentially a single, strong (1.6 Jy) spectral feature that was 
not detected in any of our 2008 or 2011 observations. In- 
stead, during the later epochs the emission was replaced 
by a plethora of weaker features, showing few components 
that can be tracked over significant time ranges. Although 
the signal-to-noise of many of the observations conducted in 
2008 is low, it appears that some of the features associated 
with this source show variability on time scales of days. 

IRAS00430-7326 shows the most consistent and stable 
emission of all the SMC water masers. Given the relatively 
poorer spectral resolution during the single 2003 and 2011 
observations, it is difficult to comment on the stability of 
the individual components of the clearly complicated and 



blended structure over the full time period, but the strongest 
features are clearly persistent. 

IRASOl 126-7332 shows moderate levels of variability. 
The component at ~177.5 km s~^ first detected in 2003 per- 
sists all the way through to our final observation in 2011 
(although reduces in flux density by more than half), and 
exhibits an accompanying feature from 08228 at ~181.5 
km s~^. The final spectrum shows a broadening in the orig- 
inal feature at a velocity of ~177.5 km s~^, perhaps indicat- 
ing the presence of a new feature that is spectrally blended 
with the persistent one. 

A number of the detected sources show levels of variabil- 
ity that would be rated amongst t he most variable star for- 
mation masers in our Galaxy (e.g. iFelli et al.ll2007l l. For ex- 
ample, the disappearance of the 3 Jy feature of NGC346 IRl 
on a time scale of a week is equivalent to a ^300 Jy source re- 
ducing to less than ~12 Jv. iBreen et al.l (|2010bl ') highlighted 
one of their 379 Galactic star formation water maser sources 
as showing extreme variability; fading from 80 Jy to <0.2 Jy 
in a period of less than a year, a reduction that is probably 
less extreme than the feature associated with NGC346 IRl 
(given the relative timescales). The appearance of the fea- 
ture in the 08228 observations of IRAS01126-7332 would 
be equivalent to a <3 Jy source increasing by a factor of 
~10 over a period less than two weeks, similarly showing 
quite extreme variability. Arguably the most variable source 
in the SMC is N66 Scl2, showing evidence of significant 
change over a matter of days, rarely showing the same spec- 
tral structure from epoch to epoch. In addition, the proba- 
ble variatio n of the two out of t wo previously detected wa- 
ter masers (jScalise fc Braall982l ') over 30 years would be an 
unlikely event in equivalent Galactic sources of more than 
~400 Jy. 

Due to the small sample size, it is difficult to draw 
definitive conclusions about the global variability properties 
within the SMC, however, the characteristics of the detected 
sources show evidence of higher levels of variability (on aver- 
age) on very short timescales than similar Galactic sources, 
perhaps consistent with them being influenced by a generally 
more dynamic environment. Future monitoring observations 
of the water masers in the LMC may also provide a useful 
comparison. 



4.4 Accelerating feature associated with 
NGC346 IRl 

The spectra of NGC346 IRl presented in Fig.[T]show an ap- 
parent velocity shift in the feature at ~168 km s^^, tending 
to less positive velocities as time progresses. Fig. |6] shows 
the peak flux density, line FWHM and peak velocity param- 
eters from Gaussian flts to the detected line during each of 
the observations carried out in 2008. Also overlaid on the 
peak velocity plot is the line of best flt, with parameters of 
intercept = 168.68 and slope — -0.027; corresponding to a 
drift in velocity of 9.6 km s~^ yr~^ over the 31 day period. 
As can be seen in Fig. [6] there is no correlation between the 
change in peak velocity with either peak flux density or the 
FWHM of the detected emission, ruling out the possibility 
that the change in velocity is influenced by the variability 
of a spectrally blended feature. 

A number of studies have noticed similar behaviour in 
water maser components associated with Galactic high-mass 
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Figure 5. Three colour image of tiie SMC (red =24-^tni MIPS emiss ion, green=8.0-/im IRAC emission and blue=4.5-/im IRAC emission 
from the SAGE-SMC Spitzer Legacy program JGordon et al.ll201ll 'lV The posi tions of the four wate r masers we detected (circles) and 
previously detected water masers (marked by green (s7) and black (s9) crosses: IScalise fc Brad 1119821 )') are overlaid. The border of our 5 
X 5 arcminute survey region is also marked. 



star formation regions. The fraction of water masers that 
show velocity drifts is probably grossly underestimated due 
to the compounding effects of complex spectra, variability 
and the small nu mber of sourc e s that have been monitored. 
In spite of this, iBrand et al.l (|200J) reported 15 isolated 
maser components with accelerations in the range 0.02 to 
1.8 km s~^ yr^^ (with equal numbers of positive and nega- 
tive a cceleration) over tim e spans of 60 to 4600 days. Sim- 
ilarly, iHunter et al.l (| 19941 ) noted an outward acceleration 
in one of the water maser features associated with W75N 
of 1.45 km s~^ yr~\ while iMotogi et all ^1^ found that 
two of the spectral feature associated with G 353.273-1-0.641 
underwent synchronised changes in velocity at a rate of ~- 
5 km s~^ yr~ ^, occurring during a maser flaring period. 
ICaswelll (|200J) also noted acceleration in the blue-shifted 
emission of two sources associated with Galactic star forma- 



tion: G 291.270-0.719 and G 291.284-0.716. The changes in 
velocity were noted over long periods (more than 20 years) 
and corresp ond to accelerat ions of 0.7 and 0.4 km s~^ yr~^, 
respectively. ICaswelll (|2004l ) concluded that the accelerating 
features were likely associated with outflow material that is 
still fairly close to its o rigin (otherwi s e it w ould be expected 
to begin decelerating). iBrand et al.l (|2003h offer additional 
possible explanations for observed velocity drifts, including 
the rotation of a disk, changes in the velocity of a collimated 
outflow or the precession of an outflow. 

Given that the systemic velocity for this source is not 
known to high accuracy (nea rby CO clouds show comparable 
velocities: iMuUer et al.ll20ld ). we are unable to determine its 
positive or negative acceleration, or how close this feature 
is to the systematic velocity, making physical interpretation 
difficult. Our acceleration is larger than any of the reported 
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values for Galactic water masers (althoush similar to some 
extragalactic water masers; e.g. iGreenhill et al.lll995h and 
is also the smallest time range considered. In general, there 
seems to be a trend in the reported values of acceleration 
to be smaller when measured over longer time periods. Our 
relatively high acceleration perhaps indicates that the emis- 
sion is associated with outflow material that is very close to 
its origin. An alternative scenario might be that the sparse- 
ness of the observations and longer time period considered 
in some sources has masked bursts of acceleration that have 
subsequently been averaged out in the calculated accelera- 
tions, which may also be consistent with a precessing out- 
flow. 

We conducted one further observation of NGC346 IRl 
in 2011 (not included in Fig. |S]) that is not consistent with 
that expected from the simple linear fit to the 2008 data. If 
we include these data and determine the average accelera- 
tion over the ~3 year period, it drops to ~0.5 km s~^ yr~^, 
perhaps indicating that over a longer period the character- 
istics of this source are not unlike other Galactic sources 
presented in the literature. However, our favoured explana- 
tion is that the feature observed in 2008 disappeared in the 
intervening period before our 2011 observations (perhaps 
due to disruptions caused by an outflow) and was replaced 
by generally similar emission at a slightly different velocity. 
This scenario is supported by the fact that the accompany- 
ing characteristics also exhibited more extreme values (peak 
flux density = 0.22 Jy; FWHM = 1.27 km s"^) than the 
range seen in the 2008 observations. 



4.5 Using the water masers for proper motion 
studies 

The Magellanic Clouds are the focus of detailed studies for a 
number of reasons, one of which is that they are clearly in- 
teracting, both with each other and with the halo of the 
Milky Way. Evidence for this is seen particularly in the 
Hi distribution which shows tidal features - the Magellanic 
Stre am, the Leading Arm and th e Magellanic Bridge (see 
e.g. iMcClure- Griffiths et al.l 12003 ). Interactions and merg- 
ers of galaxies are known to play a key role in their evo- 
lution throughout cosmic history, and the Magellanic sys- 
tem provides an opportunity for the key factors and effects 
of interactions to be investigated at high spatial resolution 
and sensitivity. Our understanding of the way in which the 
Magellanic Clouds are interacting with the Milky Way has 
changed dramatically in the last d ecade due to new mea- 
surements of their proper motions (jKallivavalil et al.l 120061 : 
IPiatek et al.l 120081 ) . which suggest that they are not gravi- 
tationally bound to the Milky Way (as has previously been 
thought), an d are undergoing t heir first (and last) interac- 
tion with it (JBesla et al.ll2007h . The measurements of the 
proper motions of the LMC and SMC based on HST stud- 
ies of a number of fields in both galaxies remain contro- 
versial. Dynamical simulations which attempt to model the 
distribution of stars and gas in the Magellanic system using 
these proper motions have been unable to reproduce ob- 
served structu res such as the bifur cation of the Stream and 
Leading Arm (|Diaz fc Bekkill2012l '). 

One of the complications in the existing optical proper 
motion studies is that they estimate the proper motion by 
averaging over all the stars in a particular field. However, 
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Figure 6. Peak flux density (Jy), FWHM (km s~^) and peak 
velocity (km s~ ) of the persistent feature at ~168 km s~ asso- 
ciated with NGC346 IRl. Overlaid on the peak velocity plot is the 
line of best fit to the data. All parameters are derived from Gaus- 
sian fits to the emission and the error bars represent the formal 
errors in the Gaussian fit. All data collected in 2008 are plotted, 
totalling 12 epochs (including two on the same day). Here time 
days corresponds to 2008 DOY 200. 



the SMC has a significant line-of-sight depth which means 
that any field contains contributions from more than one dy- 
namical population - both the halo and disk of the galaxy. 
The uncertainty due to this is not included in the formal 
error estimates of the LMC and SMC prop er motions de- 
termined from the HST data (see lDiaz fc Bekki 201^ 1. The 
water masers we have discovered in the SMC are both strong 
(peak fiux density greater than ~1 Jy), and compact (an- 
gular scales less than 1 milliarcsecond) , which means that 
they are ideal targets for VLBI. 

VLBI observations have achieved astrometric accura- 
cies better than 10 ^as for a single epoch with instruments 
such as the VLBA (Very Long Baseline Array) and VERA 
(VLB I Exploration of Radio Astronomy) (e.g. iReid et al.l 
I2OO3 ). Indeed, the most accurate measurements of proper 
motions of northern local group galaxies M33 and ICIO 
have been from measurements of water masers in th e se sys - 
tems (|Greenhill et al.1 1 19931 : iBrunthaler et al.1 12005| . 120071 ). 
The proper motion of the SMC estimated from HST data 
is fig = 0.75 ± 0.06 mas/year ; ^s = —1.25 ± 0.06 mas/year 
(jPiatek et al.ll2008l ). So it should be possible to measure the 
proper motion of the SMC to an accuracy better than 10 
percent using VLBI observations with a temporal baseline 
of 1-2 years. The primary difficulty in making proper motion 
observations of water masers is that they exhibit significant 
temporal variability (see Section [4. 3p . making it difficult to 
track individual maser component "spots" over the course 
of an extended VLBI program. 
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The water masers in the SMC are all associated with 
young, high-mass star formation regions, which means that 
they are found in regions of dense gas. This gas shows much 
lower velocity dispersion than the general stellar popula- 
tions, and as the masers are spectral line sources, the combi- 
nation of a proper motion observation with the line-of-sight 
velocity gives the full three dimensional velocity vector of the 
object. However, although water masers offer some benefits 
for proper motion studies compared to those based on stellar 
populations, they have their own shortcomings and sources 
of uncertainty. The observed proper motions of interstellar 
masers in the SMC will contain three contributions : 1. A 
component due to the proper motion of the centre of mass 
(CoM) of the SMC ; 2. A component due to the orbital mo- 
tion of the star formation region about the CoM of the SMC 
; 3. A component due to internal motions of the masing gas 
within the star formation region. The first of these is the crit- 
ical measurement, but the uncertainty in any determination 
of this depends upon both the precision in the proper motion 
measurement and the accuracy with which the other two 
components can be estimated. Water masers in star forma- 
tion regions typically arise in shocks or outflows, and veloc- 
ities in excess of 100 km s~^ are not uncommon in Galacti c 
water masers (JBreen et al.ll2010bl : [Breen fc Ellingsenll201lh . 
At an assumed distance of 61 kpc, a velocity uncertainty of 
~10 km s~^ corresponds to a proper motion uncertainty of 
~0.04 milliarcseconds per year (or a few percent). In addi- 
tion to this, with only four water masers known in the SMC 
and variability potentially making it challenging to obtain 
proper motion measurements from some of these, uncertain- 
ties due to random errors will dominate (unlike the HST 
measurements where it is systematic effects which are more 
important). 

In summary, astrometric VLBI observations of the wa- 
ter masers in the SMC offer a potential alternative means 
of measuring its proper motion. Such measurements could 
be achieved, if made with careful calibration of the residual 
path lengths, with the current capabilities of the Australian 
Long Baseline Array for water maser sources with peak flux 
densities less than 2.5 Jy when there is a relatively strong 
(>100 mjy) calibrator within 1-2 degrees of the targets. 
These measurements are free from some of the systematic er- 
rors which potentially affect the optically-based proper mo- 
tion determinations. Although they have their own sources 
of uncertainty, they do provide an independent means of 
determining the proper motion of the SMC. 

4.6 SED modelling 

lEUingsen et al.l (|2010|) investigated the properties of the in- 
frared YSOs associated with the LMC water masers and 
compared the properties of their spectral energy distribu- 
tions (SEDs) with tho se of the general popula tion of YSOs in 
the LMC identified bv lCruendl fc Chul (|2009D . They showed 
that the maser-associated YSOs were more luminous and 
have redder infrared colours than the population as a whole 
and that the SEDs inferred the maser sources have higher 
mass, luminosity and ambient density than the majority of 
YSOs in the LMC. 

We have used the result s from the Spitzer SAGE-SMC 
project (JGordon et al.ll201ll ) to investigate the YSOs asso- 
ciated with SMC water masers for which we have measured 



the position with the ATCA. The SAGE-SMC observations 
have angular resolution of around a few arcseconds for the 
observations at wavelengths less than 10 /im and a few tens 
of arcseconds for wavelengths greater than 20 /im. The po- 
sitions of the infrared sources are accurate to better than 1 
arcsecond, so investigation of the properties of the S7 and S9 
maser candidates cannot be undertaken, since the position 
for these sources is uncertain at the arcminute level. All four 
of the SMC water masers detected in the current observa- 
tions have a S AGE-SMC source wit h 0.5 arcseconds of the 
maser position. lOliveira et al.l (|2013l ) identified 34 candidate 
YSO in the SMC which are bright at both 24- and 70-^m 
and undertook mid-infrared spectroscopy of these sources. 
IRAS00430-7326 is the strongest source at 70 fim in the 
lOliveira et al.l (|2013l ) sample (source #03 in their list) and 
from their spectra they identify polycyclic-aromatic hydro- 
carbon (PAH) emission, silicate absorption and both water 
and CO2 ice absorption. The presence of ice absorption in- 
dicates that the sources are surrounded by a cool envelope, 
and hence highly embedded and young sources. Of the other 
three SMC water masers IRAS01126-7332 has a bright 70- 
fim source offset from the maser position by a little over 2 
arcseconds, but the remaining sources do not have a nearby 
70-/jm point source (and hence were not included in the 
lOliveira et al.l sample) . 

Using the online SED fitting tool of iRobitaille et al.l 

(|2007|), we have investigated the SEDs of the maser- 
associated YSOs in the SMC. We have use d the same gen- 
eral a pproach as applied to LMC YSOs bv lEUingsen et al.l 
(|2010l ). the only differences being that for the SMC we al- 
lowed the fitted distance to vary between 59 and 62 kpc, and 
for sources where there is strong evidence for PAH emis- 
sion contamin ating the mid- i nfrare d photometry we used 
the method of ICarlson et al.l (|2012l ). to mi tigate its effects 
on th e SED fitting. The YSO models of IRobitaille et al.1 
(|200y) (which are used in the SED fitting), do not include 
the affects of PAH emission, which can significantly affect 
the measured intensity in the 3.6-, 5.8- and 8.0-fim Spitzer 
bands. The only Spitzer IRAC band which is not affected by 
PAH emission (when it is present) is the 4.5-jj.m band, and 
ICarlson et al.l (|201ll ) identified sources with a characteristic 
dip in this band using the criteria [3.6]-[4.5] < 0.5 and [4.5]- 
[5. 8] > 1.5, as those with significant PAH emission. Figure 9 
of lEUingsen et al.l (|2010|) shows that this characteristic dip 
at 4.5-/im is commonly seen in maser-associated YSO in the 
LMC and we find that all of the maser-associated YSO in the 
SMC show a dip at 4.5-/im in the SED plots (see Figure [T]). 
The only source for which the PA H emission is significant 
(using the criteria of lCarlson et al.h is IRAS0 0430-7326. For 
this so urce we used the approach outlined in lCarlson et al.l 
(|2012h for sources with a 24-^m measurement (this involves 
setting the measured 5.8- and 8.0-^m intensities as upper 
limits and increasing the estimated uncertainty at 3.6-/im 
to 20 percent). For all other sources we used the 2MASS 
and SAGE-SMC intensities and estimated uncertainties in 
our SED fitting. 

The results of the SED fitting can be seen in Figure [T] 
They show that the infrared observations for all sources are 
consistent with the masers bein g associated with deep ly em- 
bedded, highly luminous YSOs. lEUingsen et al.l (|2010f ) found 



significant differences between the maser-associated YSO 
and the rest of the YSO population in the mass of the cen- 
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tral source, the total luminosit y and the ambient density 
(see figure 10 of lEUingsen et alj ). Comparing the results ob- 
tained for the SMC maser-associated YSO with those in the 
LMC we find that they fall in the same range, with the mass 
of the central source greater than 15 M©, the total luminos- 
ity greater than 15 000 L© and the ambient density greater 
than 4.5 x 10^^^ cm^ in all four sources. This strong similar- 
ity is to be expected, and suggests that future water maser 
searches targeting SAGE-SMC sources with characteristics 
similar to those of the known maser-associated sources are 
likely to find additional masers in the SMC. 
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5 CONCLUSION 

From a number of targeted water maser observations con- 
ducted with both the Tidbinbilla 70-m radio telescope and 
the ATCA we present the discovery of four water masers 
in the SMC. In a series of sensitive observations, we fail 
to detect a ny water maser emission towards the positions 
reported in lScalise fc Braa (| 19821 ). Our monitoring observa- 
tions of each of the detected water masers, combined with 
the non-detection of the previously detected sources, show 
evidence for the SMC water masers to be more variable, in 
general, than similar Galactic sources also associated with 
YSOs. These observations also revealed that one of our wa- 
ter masers (NGC346 IRl) exhibited an accelerating feature 
at a rate of 9.6 km s^^ yr~^. 

We conducted targeted observations for methanol and 
OH masers at the positions of the newly detected water 
masers with both the ATCA and the Parkes 64-m radio 
telescope and found no emission from any of the observed 
transitions. The absence of methanol maser detections in 
our targeted observ ations, combined wi th the results of the 
complete survey of ICreen et al.l (|200g ) , is consistent with 
the SMC showing an under abundance of methanol masers 
compared to our Galaxy, likely due to lower metallicity (as 
was found for the LMC; I Green et al.l 120081 : iBeaslev et al.l 
1 19961 ). 

The SEDs of the YSOs associated with our detected wa- 
ter masers have been investigated and reveal that the sources 
associated with w ater masers in the SM C are comparable to 
those in the LMC l|Ellingsen et al.|[2010l ). It is expected that 
targeted water maser observations towards sources with sim- 
ilar characteristics will be a successful criterion for finding 
more water masers in both Magellanic Clouds. 

The detected water masers will make excellent targets 
for future VLBI observations to provide and independent, 
accurate measurement of the proper motions of the SMC. 
Our monitoring observations have shown that such a pro- 
gram will need to have a relatively high cadence to ac- 
curately track individual components used to measure the 
proper motion of the galaxy. 
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Figure 7. The SED and fitted models for the sources associated with the four detected water maser sources in the SMC. The dots 
and the triangles are measurements and upper limits taken from the 2MASS and SAGE-SMC surveys. The solid line shows the best 
fitting model, while the dashed line gives the spectrum of the stellar photosphere in the absence of circumstcUar dust but accounting for 
interstellar extinction. 
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